C HILDHOOD LEAD EXPOSURE is inversely associated with intellectual abilities, academic achievement, and psychomotor development. [1] [2] [3] [4] Even low-level lead exposure can negatively impact a wide range of cognitive functions, such as attention, language, memory, cognitive flexibility, and visual-motor integration based on various types of neuropsychological and neurobehavioral testing. [5] [6] [7] [8] However, because of the nature of the research methodology, previous studies were unable to directly localize functional changes in the brain. The underlying mechanism by which lead disrupts brain function in children, especially for low lead concentrations that do not produce noticeable physical signs, remains poorly understood.
Language, a unique human neurocognitive function, is often the earliest marker for the presence of a developmental or acquired neurologic disorder. The association between lead exposure and language function disorder has been studied extensively in cognitive research. [9] [10] [11] [12] In the present study, we used functional MRI (fMRI) and investigated the impact of early childhood lead exposure on the cortical organization of language in young adults who experienced a wide range of lead exposure levels during development. Measurement of language activation patterns in various brain regions of these young adults was expected to help us to localize the deleterious effects on language function and language reorganization associated with lead exposure. We hypothesize that lead exposure during childhood significantly influences brain development and organization of language function. Further, compensatory brain language functional reorganization is expected as a consequence of the subtle brain insult associated with childhood lead exposure.
METHODS

Subjects
Forty-five young adults with documented childhood lead exposure from the Cincinnati Lead Study (CLS) were recruited for the study. The CLS, a birth cohort recruited from 1979 to 1984, enrolled pregnant women who lived in neighborhoods with high rates of childhood lead poisoning. The pregnant women were excluded if they were known to be addicted to drugs, diabetic, or had any known neurologic or psychiatric malady. Infants were excluded if their birth weight was Ͻ1500 g or if genetic or other serious medical issues were present at birth. These subjects have been followed from birth through early childhood with extensive documentation of lead exposure, social and medical history, intellectual attainment, neuromotor function, academic achievement, and behavior. 5, 13 Blood lead concentrations were determined on a quarterly basis from birth until 5 years of age and again at 5.5, 6.0, and 6.5 years. The mean childhood blood lead concentration, beginning at 3 months and continuing through 78 months of age, was considered to be more representative of the average exposure of the population and, thus, was chosen as our lead level of interest in the study. It should be noted that results similar to that reported later in this study were found in similar brain regions for many of the other age time points. Table 1 briefly summarizes the demographic information of the subjects and the social, family, and individual factors that may potentially confound the association between outcome and exposure in our study. Each subject completed a urine screening for drugs of abuse at the time of imaging. All positive results (N ϭ 22) indicated the presence of cannabinoids. Because marijuana was the only drug detected and used with any frequency in this sample, it was the only drug tested for potential confounding effect, although potentially other drugs might also affect the brain function. All 45 of the subjects finished the verb generation task successfully. However, 3 subjects were removed from the analysis because of excessive head motion (1), data corruption (1), or a significant missing demographic record (1) . Therefore, only 42 subjects' results remained for statistical analysis (N ϭ 42; 22 males; mean childhood blood lead level ϭ 14.18 Ϯ 6.52 g/dL; range: 4.77-31.06 g/dL).
The study was conducted under the ethical guidelines of the Cincinnati Children's Hospital Medical Center and the University of Cincinnati institutional review boards. A certificate of confidentiality was obtained from the National Institutes of Health. All of the subjects gave Mean PbB indicates mean blood lead level in childhood from month 3 to month 78; FSIQ, full-scale IQ at age 7 years; TOTSES, Hollingshead four-factor total SES score for subjects before fMRI.
written informed consent after the nature and possible consequences of the studies were explained.
The Language Task and Experimental Paradigm
The fMRI experimental paradigm followed a standard block periodic design in which "test" period was interleaved with "control" period. The test interval consisted of a 30-second period of verb generation task to collect language activation data. During each test period, a series of nouns were presented to the subject once every 5 seconds. The subject was instructed to silently generate verbs associated with each noun presented. For example, if the noun "ball" was presented, the subject should generate the verbs "throw," "kick," or "hit." The subject was instructed to think about these verbs silently instead of saying them aloud to avoid unnecessary motion artifact. The details of this task have been based on and documented in detail in previous studies. [14] [15] [16] [17] [18] [19] Bilateral finger tapping was used as the control task during each 30-second resting period. This task was designed to control for the auditory prompt used in the verb generation task, to distract subject from unintentionally continued engagement in the verb generation task during rest interval, and to provide activation of motor strip as reference data for each subject.
At the beginning of each experiment, a 30-second dummy scan was conducted to allow the magnetization to reach magnetic equilibrium. Five cycles of test and control data were subsequently collected. In each of these 30-second periods, 24 image slices were collected once every 3 seconds. Therefore, there are 110 time points of data collected in 5 minutes and 30 seconds for the language task imaging. The initial 10 images during the dummy scan were discarded with 100 time points of data remaining for the following data analysis.
Image Acquisition
All of the images were acquired on a 3.0 T Bruker Biospec 30/60 MRI scanner (Bruker BioSpin MRI, Inc, Billerica, MA). A 3-plane gradient echo scan was performed to provide a reference for the alignment and localization of the brain followed by a shim procedure to optimize a homogeneous magnetic field. A T2*-weighted gradient-echo echo planar imaging (EPI) sequence was used during the subsequent functional sessions (repetition time/echo time: 3000/38 milliseconds; field of view: 25.6 ϫ 25.6 cm; matrix: 64 ϫ 64; slice thickness: 5 mm; and flip angle: 90°). The whole-brain high-resolution T1-weighted anatomic data set was obtained using a modified driven equilibrium Fourier transform pulse sequence with the following parameters: repetition time/echo time: 15 Raw EPI data were reconstructed using the multiecho phase reference scan to correct for Nyquist ghosting and geometrical distortion artifacts. 20 The reconstructed EPIfMRI time series were then corrected for baseline drift using a quadratic baseline correction algorithm on a pixel-by-pixel basis. Motion artifacts were corrected using a pyramid iterative coregistration algorithm. 21 The images were then transformed into Talairach coordinate 22 for the subsequent group analysis.
The fMRI data were first postprocessed with a general linear model 23 to relate the time series with brain activation on a pixel-by-pixel basis. For each subject, a Pearson's correlation coefficient between brain activation and time course was calculated for each pixel, and then a z score was derived from the coefficient by Fisher's z transformation. During the group analysis, a 1-sample t test was performed for each pixel across all of the subjects to test the significance of the pixel in the group. After transforming t statistics to z score, a statistical parametric map (composite z-score map) can be generated to identify brain regions with the most significant contrast between language task and control task for the entire group. This was a random-effect analysis that accounted for the intersubject variance. A cluster method was used to improve specificity and adjust for the inflated ␣ from multiple comparisons. 24 Monte Carlo simulation performed on the data set showed that a cluster of 3 and nominal z ϭ 3 would lead to a corrected P Ͻ .001.
We also conducted a random-effect group analysis to test the association between blood oxygen level-dependant (BOLD) signal activation and mean childhood blood lead levels accounting for likely confounders. This analysis involved the following steps: (1) the brain activation in response to verb generation task was first studied independently for its relationship with childhood lead exposure by pixelwise simple linear regression analysis with a corrected P Ͻ .05 (cluster ϭ 9 based on Monte Carlo simulation); (2) because the lead exposure might be associated with other factors that could also contribute to the modification of BOLD signal patterns, 6 such variables, including subjects family's socioeconomic status (SES), subjects' full-scale intelligence quotient (IQ), birth weight, gender, drug (marijuana) usage, and gestational age, were pretested separately for their potential confounding influence to language function. After adding a putative confounder into the otherwise simple linear regression between BOLD and mean childhood blood lead level, the change of regression coefficient (␤) for lead exposure was calculated on a pixel-by-pixel basis to evaluate the influence of the corresponding variable. This testing was conducted within the cortical areas that had been tested to correlate significantly with childhood blood lead level as determined in the previous step. The variable was kept for subsequent final multivariate analysis if adding this variable caused Ͼ20% of the pixels within the predetermined ROI to have over a 10% change in the ␤ value; (3) the final step of this group analysis was to perform a multiple regression analysis to evaluate the main effect of early childhood lead exposure on language function at young adulthood with all of the significant or marginally significant confounders. Because IQ has always been a major index in the literature for lead behavioral studies, we took an extra step to determine if adding IQ to the 4-term regression (BOLD versus blood lead, with birth weight and marijuana as confounders) would appreciably alter the exposure effect. Because the result was negative, IQ, together with gender, SES, and gestational age, was discarded. Figure 1 presents a statistical parametric map (composite z-score map) that represents the significant language activation (nominal z ϭ 3; cluster ϭ 3; corrected P Ͻ .001) across the entire subject group in our study after correction for multiple comparisons. The functional areas for language reported previously using the verb generation task 19, 25 are all activated in our CLS cohort: Broca's area (BA 44 and BA 45) at the left inferior frontal gyrus and Wernicke's area (BA 21 and BA 22) at the left superior temporal gyrus and the left middle temporal gyrus, as well as some homologues that are located contralaterally in the right hemisphere. A strong left hemispheric dominance of frontal and temporal language activation is also observed in this composite map.
RESULTS
To test the significance of the relationship between mean childhood blood lead levels and brain language activation, we conducted multivariable regression analysis, controlling for significant potential confounders. As shown in Fig 2 , many cortical areas demonstrate significant association (corrected P Ͻ .01 based on Monte Carlo simulation with cluster ϭ 9) between language activation (in z score) in the brain and mean childhood blood lead level after adjusting for the 2 significant confounding factors (subjects' birth weight and marijuana consumption) as shown using the partial correlation coefficient coded in color and overlaid on the structural images. The color of light blue represents higher correlation, and dark blue represents lower correlation. For comparison, the cortical areas that have a significant simple correlation coefficient between brain activation and mean childhood blood lead level are outlined by the white lines. As shown in Table 2 , the highlighted areas in Fig 2  represent 4 separate regions of interest (ROIs). ROI_1 and ROI_4 correspond with brain regions in the left frontal cortex, and ROI_2 and ROI_3 correspond with right temporal lobe and left temporal lobe, respectively. The influence of the confounding factors can be inferred from the difference between the size of brain regions that exhibit significant correlation with lead exposure before (total pixel number, n ϭ 119) and after the confounders were controlled for (n ϭ 81). However, the inclusion of the 2 confounders in the multivariate analysis does not change the foci for these ROIs (except for the slight change in ROI_4).
A closer examination of Fig 2 shows that, in some areas in the left inferior and middle frontal gyrus (BA 46, 47, 9, and 10), which are adjacent to Broca's area for speech generation, and in some other areas in the left middle temporal gyrus (BA 21), a region typically involved in language and auditory processing, the brain activation levels are inversely correlated with mean childhood blood lead level after adjustment for the 2 significant confounders. The activation levels in some areas in the right superior/middle temporal gyri (BA22 and 42), contra lateral to the traditional Wernicke's area, which is usually regarded as being responsible for speech perception, is positively correlated with mean blood lead level after adjustment for significant confounders (Fig 2) .
A mean activation value (mean z score) was calculated across all of the pixels in each of the 4 regions (as defined in Table 2 ) for each subject. Figure 3 A and B show the scatter plots, along with the partial correlation coefficient (partial R), of the mean brain activation within the corresponding ROI versus the mean childhood blood lead concentration across subjects for ROI_1 (BA46, BA47, and BA10: partial R ϭ Ϫ0.32; P Ͻ .04) and ROI_2 (BA22 and BA42: partial R ϭ 0.35; P Ͻ .03), respectively. The correlation between the mean activation versus mean childhood blood lead concentration is also significant for ROI_3 (BA21: partial R ϭ Ϫ0.31; P Ͻ .05) but not for ROI_4 (BA46 and BA9: partial R ϭ Ϫ0.30; P ϭ .08).
DISCUSSION
Consistent with our hypothesis and existing literature, we found a significant inverse association of mean childhood blood lead level with brain activation in the left frontal gyrus and left middle temporal gyrus, regions traditionally associated with semantic language function (ROI_1 and ROI_3 in Figs 2 and 3A) . The diminished activation in these regions in subjects with higher childhood blood lead level suggests that lead exposure during early childhood disrupts development of the normative neural substrates of language and leaves a long-term impact on the functional neuroanatomy of language. However, the observation that these young adults still use conventional brain circuitry in support of the verb generation task, as shown in Fig 1, indicates that the effect of lead exposure on the neural substrates of language is significant but not as severe as that observed with more dramatic brain injuries, for example, stroke or brain trauma, at least not for our cohort with low-tomoderately elevated childhood blood lead levels.
We also found a positive correlation between childhood mean blood lead level with brain activation in the right hemisphere homologs of Wernicke's area, as shown in ROI_2 (Figs 2 and 3B ). This suggests that a compensatory mechanism may be at work at the level of the neural circuitry supporting language. As language begins to emerge in early childhood, there is a documented trend toward increasing focus of language-related activity in the left temporal and frontal lobe regions in normally developing children. 19, 25 If these regions are not available either because of impaired connectivity or reduced neuronal capacity, the brain deploys new areas to replace the lost capacity for language normally subserved by these preferred neural circuits. 26 Regions of positive correlation between lead exposure level and later language activation that occur in the right temporal lobe (ROI_2 in Fig 2) correspond closely with the location of Wernicke's area (BA22) in the left hemisphere. This is consistent with previous neuroimaging studies describing the impact of developmental and/or acquired lesions, for example, tumor, 27 epilepsy, 28 stroke, 29 and dyslexia, 30 on language functional development. The neuroplasticity observed in the present study is consistent with our understanding about language function reorganization: the brain attempts to compensate for injury to regions that are structurally and functionally dedicated to language by recruiting support from other cortical regions. The engagement of the analogous right hemisphere temporal lobe in the compensation process provides evidence for a dormant language circuit in the nondominant hemisphere. This is a hypothesis that has been proposed and supported by other fMRI language studies. 31, 32 One possible explanation for these findings is that lead exposure during early childhood specifically impedes brain regions that are undergoing rapid development to support nascent language capabilities. This might result in language delays in children exposed to lead during the preschool years. Later in childhood as these children enter kindergarten and are taught to read, write, and form complete sentences, demand for neural support of language skills accelerates, forcing the brain to compensate for the injury suffered during preschool years. Dormant, contralateral language circuits in the right hemisphere with similar cytoarchitecture are capable of subserving language functions when recruited for this purpose when formal education begins in the classroom. However, it should be noted that the compensatory alternative pathway does not necessarily yield equivalent performance to that achieved using the normative cortical circuitry for the same function. The degree to which this compensation mechanism is able to meet the demand for the development of language function is assumed to be associated not only with the type of insults, but also with the timing, duration, and intensity of the insult requiring further investigation.
CONCLUSIONS
This fMRI study offers a new insight into the neural substrates of semantic language function that are selectively influenced by lead exposure during childhood. Elevated childhood lead exposure exerts a substantial influence on the cortical organization of semantic language function in young adulthood, demonstrated by a selective, deleterious effect on normal language areas with concomitant recruitment of contralateral regions, resulting in striking, exposure-dependent patterns of recruitment for language function. These imaging data provide further confirmation of the adverse consequences of environmental lead exposure on cognitive abilities.
